Experiments based on genome sequence analysis have revealed unexpected complexity in the evolution of the translation apparatus, including concerted evolution of Gln-tRNA synthetase and Glu-tRNA Gln amidotransferase, and a novel, class I Lys-tRNA synthetase shared by archaea and spirochaetes.
In the past three years, the complete genome sequences for a variety of bacteria and archaea as well as a unicellular eukaryote (yeast) have been published, together with the almost complete genome sequence of a multicellular animal (the nematode Caenorhabditis elegans) [1] [2] [3] . How has this flood of genomic information affected our understanding of the basic aspects of biological evolution? The principal message seems to be that genome evolution is much more complex than most of us could imagine at the onset of the pre-genomic era.
Horizontal gene transfer and the selective elimination of even highly conserved gene families are pervasive across a wide phylogenetic spectrum, at least among unicellular organisms, to the extent that a tree representation of species evolution is becoming almost meaningless. The only true bastion of stability, which makes the main contribution to the minimal set of approximately 100 genes conserved in all genomes so far sequenced, is the set of genes encoding components of the translation machinery [3] . The genes for ribosomal (r)RNA and translation factors formed the basis of the phylogenetic analysis that resulted in the very concept of the three domains of lifearchaea, bacteria and eukarya [4] . With multiple genomes available for comparison, however, we are starting to realize that, although the evolution of the genes encoding components of the translation apparatus has not been as promiscuous as the evolution of those encoding components of metabolic pathways, it has involved a number of dramatic and (almost) unpredictable changes.
A textbook notion first propounded by Francis Crick in his adaptor hypothesis [5] is that the genome of a cell should encode 20 aminoacyl-tRNA synthetases, one for each amino acid. This, however, is not what we see in any of the completely sequenced genomes. The relatively mundane deviations include doubling of some aminoacyl-tRNA synthetase genes in eukaryotes due to the presence of the organellar translation systems and duplication of individual aminoacyl-tRNA synthetase genes in certain bacterial genomes. A more dramatic trend is the post-aminoacylation recharging of aminoacyl-tRNA as an alternative decoding mechanism. All sequenced bacterial and archaeal genomes, with the exception of Escherichia coli and Haemophilus influenzae, lack the gene encoding the aminoacyl-tRNA synthetase for at least one amino acid, namely glutamine; in archaea and in Helicobacter pylori, the gene for the aminoacyl-tRNA synthetase for asparagine (AsnRS) is also absent. By contrast, all eukaryotes for which data are available have the full set of aminoacyl-tRNA synthetase genes.
Early studies revealed that in Bacillus megaterium glutaminyl-tRNA, Gln-tRNA Gln , is formed post-translationally by ATP-dependent transamidation of a glutamate residue coupled to tRNA Gln , Glu-tRNA Gln [6] . Similar observations have been made for a number of bacteria, archaea and organelles [7] , and recently, for the archaeal asparaginyl-tRNA [8] . The task of the enzymatic machinery that catalyzes these transamidation reactions is far from trivial -indeed, in order to ensure translational fidelity, the enzyme(s) has to distinguish tRNA Gln from tRNA Glu with high accuracy (GluRS would charge both of these tRNAs with glutamate indiscriminately). Transamidation of Glu-tRNA Gln is similar to other post-aminoacylation modifications, such as the formation of selenocysteine or deformylation of formylmethionine [9] , but in a sense, is more drastic as it invades the canonical alphabet of 20 amino acids.
In a recent major advance, the B. subtilis enzyme responsible for Gln-tRNA Gln formation has been identified [10] . It is a complex of three subunits encoded by the gatABC operon, one of the very few operons conserved in most bacteria [11] . The gat genes are missing in two completely sequenced bacterial genomes, however, those of E. coli and H. influenzae. Orthologs of all three subunits are encoded in the three sequenced archaeal genomes, and the gatB gene is duplicated. In yeast, the genes gatA and gatB -originally described as the PET112 gene required for mitochondrial viability [12] -are present, but gatC could not be identified. The operon structure is not conserved in archaea or yeast, with the exception of the adjacent gatC and gatA genes in Archaeoglobus fulgidus.
The discovery of the GatABC enzyme solves the longstanding problem of the alternative decoding mechanism for glutamine, but poses new functional and evolutionary questions. The enzyme shows no similarity to known ATP-dependent amidotransferases, such as asparagine synthetases, in which the location and structure of the ATPase and amidotransferase domains are well understood [13, 14] . The only subunit that has homologs outside the set of orthologs is GatB, which belongs to a family of bacterial and eukaryotic amidases that hydrolyze a variety of substrates, such as fatty acid amides or indoleacetamide [15, 16] . The members of this family that have been studied biochemically were found to perform only the hydrolysis reaction, which does not require ATP [15, 16] ; this is the most likely role of GatA, compatible with the observation that GatA and GatC together possess glutaminase activity [10] .
GatB is therefore predicted to be an ATP-dependent amidolyase that is required for the transamidation of Glu-tRNA Gln ; the recognition of Glu-tRNA Gln is probably another function of this subunit. The sequence of GatB is highly conserved across the whole phylogenetic range in which this protein is found, but there is no resemblance to any known ATP-binding motif, nor any similarity to aminoacyl-tRNA synthetases or known RNAbinding motifs. Thus, GatB is predicted to contain a novel ATP-binding fold as well as a novel domain capable of recognizing a specific RNA structure.
GatC is a small, polar protein that is relatively poorly conserved and probably does not have enzymatic activity. Conceivably, it may affect the conformation of the other subunits and/or contribute to RNA binding. Interestingly, the gatC gene was not originally detected in the two available genomes of mycoplasmas [10] , but subsequent iterative searches with the PSI-BLAST program [17] showed that the gene upstream of gatA in the mycoplasma genomes does encode a protein with a domain homologous to the GatC protein, which in this case is preceded by a large hydrophobic region containing several predicted transmembrane helices (Figure 1 ; also see the amended GatC alignment at http://www.ncbl.nlm.nih.gov/Complete_Genomes/Translation). In the mycoplasmas, therefore, the Glu-tRNA Gln transamidase may be membrane associated, although the possible functional significance of such compartmentalization is not clear.
The evolutionary history of Glu-tRNA Gln transamidase is inseparable from that of GlnRS. A possible scenario based on the phylogenetic distribution of the two enzymes and phylogenetic tree analysis is shown in Figure 1 . Prokaryotes never contain both gat genes and GlnRS genes, whereas eukaryotes have genes encoding both GatAB and GlnRS, but the former function in organelles [8] and have probably entered the eukaryotic genome by transfer from the mitochondrial (and possibly chloroplast) genome. Here, we postulate that the last common ancestor of all extant species encoded the canonical set of 20 aminoacyltRNA synthetase. The gatABC operon first emerged early in the evolution of the bacteria, with subsequent elimination of the GlnRS gene. In addition to the obvious mitochondrial-nuclear transfer, at least three distinct horizontal transfer events involving the gat and GlnRS genes seem to be required to explain the data: first, early introduction of the gat genes into archaea, accompanied by disruption of the operon; second, reintroduction of GlnRS by horizontal transfer from eukaryotes into the proteobacteria lineage before the divergence of E. coli and H. influenzae, accompanied by the elimination of the gatABC operon; and third, introduction of the gatAC gene tandem into the A. fulgidus lineage, apparently followed by displacement of the archaeal versions of these genes.
The origin of the proteobacterial GlnRS from the eukaryotic-bacterial transfer of the GlnRS gene, rather than by duplication of the bacterial GluRS gene, is strongly supported by phylogenetic tree analysis ( [18] ; L.A. and E.V.K., unpublished observations). Similarly, the A. fulgidus gatA gene groups with bacterial, rather than with other archaeal, orthologs (L.A. and E.V.K., unpublished observations). This association, together with Dispatch R267 Figure 1 A tentative scenario for the evolution of glutamine and asparagine incorporation into proteins. The phylogenetic tree shown is a rough outline, in which many branches are omitted and some are deliberately collapsed due to uncertainties in topology. Arrows indicate postulated horizontal gene transfer, and crossed symbols indicate gene loss. In the mycoplasmas, the fusion of a gene encoding a transmembrane protein with the gatC gene is proposed (the M. pneumoniae and M. genitalium transmembrane proteins involved are MP596 and MG098, respectively). the adjacency of the gatC and gatA genes, supports lateral transfer. Important additional events in the proposed scenario are the duplication of the gatB gene in archaea, accompanied by elimination of the AsnRS geneaccording to the hypothesis that one of the diverged copies of gatB assumed the specificity towards Asp-tRNA Asp [11] -and independent loss of AsnRS in the H. pylori lineage subsequent to the GluRS gene duplication (Figure 1) .
Eukarya
Two alternatives to all aminoacyl-tRNA synthetases being present in early evolution appear viable. One is that the gat genes are ancestral, and have been lost and reacquired in the eukaryotic lineage. The other is that the cenancestor proteins did not contain glutamine, and different mechanisms for the incorporation of this amino acid have evolved after the divergence of the eukaryotic and bacterial lineages [19] . Relatively small changes to the scenario in Figure 1 are required to accommodate these alternative hypotheses, but they significantly affect our ideas on the nature of the cenancestor.
The mechanism of glutamine incorporation into proteins in archaea looks decidedly 'bacterial'. Phylogenetic analysis of GatA and GatB delineates archaea and the major bacterial clades as roughly equidistant, with no clear support for an archaeal-bacterial dichotomy (L.A. and E.V.K., unpublished observations). Thus, even though the archaeal translation apparatus appears to be 'eukaryotic', in contrast to the predominantly 'bacterial' metabolic systems in archaea [20] [21] [22] , there are important components of apparent bacterial origin even in the translation machinery.
The original analysis of the Methanococcus jannaschii genome identified only 16 aminoacyl-tRNA synthetase genes [23] . In addition to GlnRS and AsnRS, the aminoacyl-tRNA synthetases for lysine and cysteine also seemed to be missing. Further genome analysis identified an unusual class I aminoacyl-tRNA synthetase, which showed only minimal similarity to other aminoacyl-tRNA synthetase, but retained the motifs HIGH and KMSKS (single-letter amino acid code). On the basis of the known aminoacyl-tRNA synthetase specificities, it was suggested that this enzyme could be the CysRS [21] . Experimental studies on the closely related archaeon M. maripaludis came up with a major surprise, however, showing that the deviant class I enzyme is the LysRS [24] . This is the first case of two aminoacyl-tRNA synthetases having the same specificity, yet belonging to different classes that are known to possess completely unrelated structural folds [25] . The archaeal enzyme has been shown to aminoacylate E. coli tRNA Lys efficiently, emphasizing the striking ability of structurally unrelated enzymes to recognize the same substrate [24] .
The surprises did not stop there. The phylogenetic distribution of the class I LysRS is most unusual -so far, it has only been found in archaea and in spirochaetes [26] . One possible scenarios for the evolution of the unusual LysRS from another class I aminoacyl-tRNA synthetase, GluRS for example, followed by displacement of the original class II LysRS in archaea, is shown in Figure 2 . The spirochaetes should have received class I LysRS by horizontal gene transfer, again with subsequent elimination of the original enzyme (Figure 2) . Interestingly, one of the spirochaetes, Treponema pallidum, also has a gene encoding a classical type II LysRS which, however, appears to be orthologous to a particular form of LysRS otherwise detected only in E. coli and H. influenzae (Figure 2) . Thus, the most likely evolutionary mechanism by which this gene has entered the Treponema genome is by yet another horizontal transfer (Figure 2 ). Interestingly, Sulfolobus, which belongs to the second major lineage of archaea (the crenarchaeotes), also has a gene encoding a conventional LysRS. In this case, however, reconstruction of the chain of evolutionary events should await the complete sequence of the genome. The presence of both classes of LysRS seems a possibility, given the class I enzyme detected in another crenarchaeon ([26] ; Figure 2 ).
The tale of the two LysRSs not only reveals a striking example of non-orthologous gene displacement [27] and of a bizarre, so far unique phylogenetic pattern [3] , but Crenarchaeota also clearly demonstrates the inherent limits of functional prediction on the basis of sequence conservation. Such predictions are most likely to be correct when there is strong evidence of orthology between a functionally characterized gene and a gene from a newly sequenced genome. The good news is that, with the increasing number of completely sequenced genomes, such situations are bound to become more and more frequent [3] . With novel and unusual genes, however, overprediction is a distinct possibility -the archaeal LysRS is a strong case in point. In this case, it was correctly predicted that a protein with a very limited similarity to Class I aminoacyl-tRNA synthetase should have this activity, but the proposed specificity was wrong; it was, indeed, impossible to figure out that a Class I enzyme could have LysRS activity.
The vagaries of translation machinery evolution are not limited to enzymes. Analyses of tRNA gene evolution clearly shows that the simple scheme of vertical evolution of isoacceptor tRNAs is incorrect, and multiple changes in specificity might have occurred [28, 29] . A recent experiment strikingly showed that, at least on some occasions, a single nucleotide change is sufficient to recruit a tRNA into a different isoacceptor group, suggesting that such recruitment might have been common in evolution [29] .
There is little doubt that further phylogenetic analysis, combining information from genome sequences, threedimensional structures of proteins, and biochemical experiments will reveal an increasingly rich web of evolutionary connections between the components of the translation apparatus. It is still unclear how much we can learn about the ancestral state, and with what level of confidence, but what is obvious is that researchers interested in the evolution of translation should have no concerns about running out of problems to pursue.
